Abstract-In this paper, the design of a contactless charger for the lithium-ion battery of a cellular phone is presented. In this charger, the primary core of the transformer is in the charger unit and the secondary core is in the telephone. The gap (3 mm) between them is the thickness of the two plastic cases. The transformer core design for the maximum coupling coefficient with the size constraint on the secondary side is presented. Analysis of the primary-side series resonant converter with the loosely coupled transformer is performed, and the design optimization is presented. For the battery-charging control, a simple control circuit is presented and its performance is verified from the experimental results.
Design of a Contactless Battery Charger for Cellular Phone
I. INTRODUCTION
O NE OF THE MOST frequent failures in chargers for rechargeable batteries of compact electronic devices, such as the cellular phone, is from the mechanical contact. Energy transfer utilizing inductive coupling [1] - [13] can overcome this contact failure problem. In this paper, the design of a contactless charger for a 3.3 -W lithium-ion battery of a cellular phone is presented. In this charger, the primary core of the transformer is in the charger unit and the secondary is in the telephone. The gap (3 mm) between them is the thickness of the two plastic cases.
Due to the large gap, the coupling coefficient is much lower than unity in the charger application. This makes the leakage inductance have a similar magnitude to the magnetizing inductance, resulting in poor conversion efficiency. The problems in designing the contactless charger can be classified into three major issues. One is the transformer core geometry which can increase the coupling coefficient under the constraints in size and weight. Another issue is the converter topology which can increase the conversion efficiency with the limited coupling coefficient about 0.5. The other is the battery-charging control which is needed for proper and safe charging of the lithium-ion battery. J.-S. You was with the School of Electrical Engineering, Seoul National University, Seoul 151-742, South Korea. He is now with Hyosung Industry Company Ltd., Seoul, Korea.
Publisher Item Identifier S 0278-0046(01)10276-5.
In Section II, for given size and weight constraints, an optimum transformer core geometry for the maximum coupling coefficient is designed. An equivalent magnetic model is used to derive qualitatively the coupling coefficient as a function of core geometry and air gap. Finite-element method (FEM) simulations are performed to identify a desired core type and its geometry with the size and weight constraints of the charger.
In Section III, previous research for converter topologies to maximize the power conversion efficiency for a loosely coupled transformer (LCT) are reviewed. In order to obtain good efficiency and minimum device stress and, thus, smaller size and lower cost of the primary-side charger unit, new design parameters for the primary-side series resonant converter , are derived. A detailed design procedure is presented.
In Section IV, a low-cost feedback control scheme transmitting the needed feedback signal through the transformer using an LED is introduced.
In Section V, the design result and its performance verification through experiments are presented.
II. TRANSFORMER CORE DESIGN
The core shapes used in [1] - [13] can be classified into two types. One type has a center pole, such as the EE type and a pot core, and the other has no center pole, such as the UU type. The two core types are shown in Fig. 1 . The relative permeability of the ferrite core is much larger than that of the air. Therefore, the reluctance of the ferrite core can be ignored. The leakage flux is mainly due to the , in the UU type and in the EE type as shown in Fig. 1 . and represent the reluctances of the air gap.
In order to obtain the coupling coefficient , the equivalent magnetic circuits in Fig. 2 are used. The coupling coefficient of the UU type is In the same manner, the coupling coefficient of the EE type can be obtained using the equivalent magnetic circuit in Fig. 2 For the same pole width ( ) and gap length ( ), and can be assumed to be the same. Thus, from (2.3) and (2.7) the coupling coefficients of the two types can be compared by ( ) and ( ). , and are plotted in Fig. 3 as a function of the pole width ( ). In the simulation, the total width ( ) is 30 mm, the core height (Hc) is 7 mm, the winding height (Hw) is 5 mm, the gap length ( ) is 3 mm, and the core depth ( ) is 7 mm. The total width ( ) of the UU type is maintained as same as that of the EE type. From Fig. 3 , remains almost constant for the varying pole width ( ) but and decrease rapidly for mm. That is because the distance between the poles becomes smaller as becomes larger. Therefore, the distance between the poles should be above 4 mm ( ) in order to get a high coupling coefficient. If the total width ( ) is permitted to be larger, then it is better to increase the pole width ( ) rather than to increase the pole distance.
In order to compare the two types, the coupling coefficients are plotted as a function of the core weight in Fig. 4 . The coupling coefficients of the two types are similar in the same pole width ( ) when mm and the coupling coefficient of the UU type becomes higher when mm. Also, the core volume of the UU type is smaller than that of the EE type at the same pole width ( ) and the same total width ( ), as shown in Fig. 1 . Therefore, the UU type can give a higher coupling coefficient within the same core weight, as shown in Fig. 4 . Fig. 5 shows the coupling coefficients as a function of the ratio of the total width ( ) to the gap length ( ) in order to obtain information for the total width. The ratios of , Hc, and Hw to the total width ( ) are maintained as the same as those of the above simulation. The two types have similar coupling coefficients and the slope of the coupling coefficient becomes lower when the ratio ( ) exceeds approximately 10. Considering the core and winding weight and the winding area, mm and are selected in the example design, and the resulting coupling coefficient is ranged from 0.57 to 0.51, considering a 20% misalignment tolerance in the manufacturing. The secondary core volume of the transformer used in the experiments is 900 mm , and the secondary core weight is 4 . The volume occupied by the secondary core and winding is 2500 mm and the primary-side volume including winding area is 3000 mm . 
III. DESIGN OF THE PRIMARY-SIDE SERIES RESONANT CONVERTER
Using the UU core designed in the previous section, the coupling coefficient is approximately 0.57. This causes the leakage inductance to have a similar magnitude to the magnetizing inductance, resulting in poor conversion efficiency.
In order to improve the efficiency, various types of resonant circuits have been presented [1] - [10] . Some use the series resonance on the primary side [1] , on the secondary side [2] - [4] , and both on the primary side and the secondary side [5] - [7] . Others use the parallel resonance on the primary side [8] , [9] and both on the primary side and the secondary side [10] . However, in this application, the secondary-side resonance cannot be used because of the size constraint of the load side. A comparative study between the series resonant and parallel resonant circuit has been performed and it shows that the series resonant circuit is more effective to nullify the leakage inductance [14] .
The primary-side series resonant converter with a loosely coupled transformer has a different operation and different characteristics from the conventional series resonant converter. The important difference is the increased primary-side voltage and current stress due to the low coupling coefficient. That is, the large leakage inductance and the small magnetizing inductance of the loosely coupled transformer make the voltage gain lower resulting in high-voltage stress at the primary side. Also, they make the current gain lower, resulting in high current stress. References [1] - [10] mainly concentrate on the voltage gain of the resonant converters, with which an optimum design for the efficiency, size, and cost cannot be achieved. In order to achieve these design objectives, a new design parameter , which is the normalized power stress of the switching device, is derived.
can be derived from the voltage gain and the current gain of the converter and by minimizing it, the minimum voltage and current stresses of the switching device can be achieved.
A. Analysis of the Primary-Side Series Resonant Converter With LCT
The design equations of the resonant converter can be derived using the frequency-domain approximation method [5] from the equivalent circuit as shown in Fig. 6 . In the figure, the primary-side resonant capacitor and the primary-side leakage inductance are reflected to the secondary side. The detailed derivation is included in the Appendix using the equivalent circuit ( Fig. 6 ) and the complete converter configuration (Fig. 7) .
1) Voltage Gain :
The converter dc voltage gain is derived in the Appendix as (A.9) and (A.14). The voltage gain is rewritten in (3.1) for convenience. The voltage gain is used to design the converter considering the input and output voltage. The voltage gain is a function of the transformer turns ratio , the coupling coefficient , the normalized switching angular frequency , and the normalized transformer secondary side impedance , which is defined in (A.10).
is a function of the resonant angular frequency , the transformer secondary side inductance (Fig. 6 ) and the equivalent load resistance (Fig. 6 ). For a given transformer and a load resistance, the resonant frequency can be determined from the selection of
The voltage gain is shown in Fig. 8(a) for various s. When increases, the peak of the voltage gain becomes lower. That is, when the load power increases, the voltage gain becomes lower. The peak voltage gain occurs at 0.65 0.8 of because the resonant frequency defined in (A.8) simply includes the leakage inductance for the convenience of normalization. The real resonant frequency is also affected by the magnetizing inductance.
2) Transformer Current Gain : The transformer current gain is defined as a ratio of the transformer secondary side current to the transformer primary-side current ( ) as shown in (A.4). The resulting equation is obtained in the Appendix as (A.11) and rewritten in (3.2) considering the transformer turns ratio (3.2) In the converter with LCT, the current gain is an important design factor because the primary-side current becomes larger due to the low coupling coefficient of the loosely coupled transformer. This primary-side current flows through the switching devices and the transformer primary winding. This deteriorates the performance in terms of the efficiency and the switching device selection.
The current gain is shown in Fig. 8(b) for various s. When increases, the current gain increases. It can be seen that the effect of on the current gain is opposite to that on the voltage gain.
3) Normalized Power Stress of the Switching Devices : The normalized power stress of the switching devices is defined in (A.17) where is the voltage stress of the switching device and is the total rms current of the switching devices. The product of and is The voltage gain can be increased by selection of the transformer turns ratio or . However, this requires a sacrifice of the current gain. Also, increasing the current gain at the expense of the voltage gain cannot be an optimum design. Therefore, is selected as an objective function for design optimization in this paper. The design which minimizes the will have lower primary-side current compared with a design which does not minimize the at the same switch voltage stress, and vice versa.
Considering these characteristics, the contour of is used to optimize the as shown in Fig. 9 for both the above resonance operation [ Fig. 9(a) ] and the below resonance operation [ Fig. 9(b) ]. The axis is the normalized transformer secondary side impedance (A.10) which represents the load variation. The axis is the converter voltage gain which represents the input voltage variation. Each line in the plot represents the operating points which give the same . The two axes and the are scaled in the logarithm. The solid line combined with the "x" mark represents the 10% margin boundary. For frequency control, the peak voltage gain cannot be used because of the controllability and the component tolerance. Thus, 10% margin from the real resonant frequency is used in this paper. The square in the plane is an example operating area. From the figure, can be easily expected for the entire operating region which will form a rectangle in the plane. Thus, this figure can be used to design the converter. The Fig. 9 are the transformer turns ratio and the coupling coefficient .
B. Design Procedure
The specifications of the contactless charger are the input voltage (120 Vdc 380 Vdc), the nominal output voltage (4.1 V), and the nominal output current (800 mA).
The design procedure is as follows.
1) Measure the coupling coefficient of the transformer.
The measured coupling coefficient of the transformer designed in the previous section is 0.57. 2) Select the operating region (above-resonance or belowresonance operation). From the plots in Fig. 9 , it can be seen that the aboveresonance operation has lower than the below-resonance operation and the above-resonance operation has another merit in that it enables zero-voltage switching (ZVS). Therefore, the above-resonance operation is selected in the example design. In order to give maximum output voltage when the input voltage is at a minimum, the transformer turns ratio can be calculated using the following equation:
In the above equation, is used as the output voltage considering the diode voltage drop. From the result, 26 : 1 is used as the transformer turns ratio. 6) Select the resonant frequency .
Calculate the equivalent resistance used in (A.10). can be calculated from load resistance [5] Calculate using (A.10) where is the resonant angular frequency and is the transformer secondary side inductance
In order to reduce the resonant frequency (that is, the switching frequency) the secondary-side inductance is maximized, fully utilizing the winding area in the example design, and the resulting secondary-side inductance is 10. 
IV. BATTERY-CHARGING CONTROL
Since the output control must be done in the primary-side switching circuit, the battery information should be transmitted to the primary side through the plastic barrier. There have been several attempts to transmit the exact battery information [4] , [7] , [12] , [13] . Using a single core to transfer both power and signal information is problematic because of the interaction between them. In this paper, a simple control circuit is introduced considering the slow time constant of the battery in order to reduce the number of components and size. For this, a simple control circuit with an infrared LED is used as shown in Fig. 10 . This method transmits just on/off information instead of the accurate battery information, which can simplify the control circuit.
In charging tthe lithium-ion battery, the charger should perform both the constant voltage and constant current regulation [16] - [18] . The diode OR circuit (Fig. 10) is used for an automatic mode change between the constant-current mode and the constant-voltage mode. The comparator drives the infrared LED. When the sensed output is higher than of the comparator, the infrared LED is activated and the voltage of goes low by the sensing transistor.
can have only two preset values (high and low) according to the ON and OFF of the LED.
of the integrator is set to a medium value of high and low voltage of . The output voltage of the integrator becomes high if is low, and this causes the operating frequency to increase, which in turn causes the converter output voltage or current to decrease.
The integrator of this control scheme provides the control voltage either to increase or to decrease the switching frequency depending on the output value of the comparator. In a charger application that does not require fast control speed, this simple control scheme can reduce the number of components and size on the secondary side.
V. EXPERIMENTAL RESULTS
In this experiment, the half-bridge voltage-source inverter and half-bridge rectifier instead of the full-bridge configuration are used in consideration of the cost. The components used in the converter are as follows:
MOSFET: 2SK1767 (600 V, 3.5 A); resonant capacitor: polypropylene capacitor, 4.7 nF 2; rectifying diode: 31DQ04 (40 V, 3 A, Schottky diode); MOSFET driver: push-pull configuration with 2N2222 and 2N2907; controller: TL494 (frequency variation using 2N2222 paralleled with terminal). Figs. 11 and 12 show the MOSFET voltage and current waveform for Vdc and Vdc, respectively. The negative current makes the voltage zero and ZVS operation is achieved. Figs. 13 and 14 show the efficiencies for the input voltage variation ( mA) and the load current variation ( V). For input voltage variation, the maximum efficiency is 75% and the minimum efficiency is 72% (the control circuit loss is not included in the efficiency data). If a synchronous rectifier is used, the efficiency will become higher.
The performance of the control circuit is verified from the experiments with the load resistance increasing from 5.1 to 2000 using the electronic load for three different input voltages as shown in Figs. 15-17 . The waveform using the lithium-ion battery (LGQ863 448C, 3.7 V, 900 mAh, fast charging time 2.5 h@900 mA) is also shown in Fig. 18 . Initially, the charger operates in the constant-current mode and is then switched to the constant-voltage mode. The constant-voltage regulation and the constant-current regulation are performed well within the specified limit using the simple control circuit.
The converter performance with gap variation is also verified. When the gap increases 20% of nominal value (3 mm), the coupling coefficient decreased 10% and the secondary-side inductance decreased 6%. The converter efficiency was from 71% to 65% for input voltage variation with a 20% increase of the gap. Compared with the efficiency at nominal gap from Fig. 13 , the efficiency decreased about 5% 6%.
VI. CONCLUSION
The analysis and design of a contactless charger for a cellular phone has been presented. The analysis and comparison of the UU type and the EE type were performed in order to improve the coupling coefficient under the size and gap constraints. The UU type has a higher coupling coefficient than the EE type at the same core weight. The analysis of the primary-side series resonant converter with a loosely coupled transformer was presented. The design optimization considering the current gain as well as the voltage gain was performed using the new design parameter in order to improve the efficiency and reduce the switching device stress at the presence of the LCT. The detailed design procedure was also presented. For the battery-charging control, the simple control scheme using infrared LED is used in order to reduce the number of components and the size. The performance of the converter and the control circuit was verified through the experiments. APPENDIX ANALYSIS OF THE RESONANT CONVERTERS WITH LCT Fig. 6 shows the equivalent circuit of the primary-side resonant converter with the LCT. , , and of the equivalent circuit can be expressed as and [15] (A.1)
where is the transformer secondary-side inductance with primary side open and is the coupling coefficient of the transformer.
The transformer voltage gain of the equivalent circuit is defined as (A.3). From Fig. 6 , the voltage gain can be expressed with the branch impedances ( , , and ) as
where and are the amplitudes of and (Fig. 6) , respectively. The rectifying diodes, filter capacitor, and the load resistance are replaced with a simple equivalent resistance [5] .
The transformer current gain of equivalent circuit is defined as (A.4). From Fig. 6 , the current gain can be expressed with the branch impedances as (A. 4) where and are the amplitudes of and (Fig. 6) , respectively. The branch impedances ( , , and ) of the primary-side series resonant circuit ( In order to obtain the converter design equations such as the converter dc voltage gain, the switching device voltage stress, and the switching device current stress, the relations between the converter dc parameters and the transformer ports parameters can be defined from Fig. 7 .
For the voltage source, (A.12)
For the voltage load,
where is the amplitude of of Fig. 7 . is the transformer turns ratio.
is the dc input voltage, and and are the dc output voltage and current, respectively.
The converter dc voltage gain is defined as (A.14). From (A.3) and (A.12) and (A.13), the dc voltage gain can be expressed as (A.14)
From the fact that the switch voltage of the voltage source is the same as the input voltage and (A.14), the normalized switch voltage ( ) is (A.15) From that, the total rms current of the switching devices is the transformer primary-side rms current and from (A. 4 
